Abstract: Identification, characterization, and end-product synthesis patterns were analyzed in a newly identified mesophilic, anaerobic Clostridium sp. strain URNW, capable of producing hydrogen (H 2 ) and ethanol. Metabolic profiling was used to characterize putative end-product synthesis pathways of the Clostridium sp. strain URNW, which was found to grow on cellobiose; on hexose sugars, such as glucose, sucrose, and mannose; and on sugar alcohols, like mannitol and sorbitol. When grown in batch cultures on 2 g cellobioseÁL -1 , Clostridium sp. strain URNW showed a cell generation time of 1.5 h, and the major end-products were H2, formate, carbon dioxide (CO2), lactate, butyrate, acetate, pyruvate, and ethanol. The total volumetric H2 production was 14.2 mmolÁ(L culture) -1 and the total production of ethanol was 0.4 mmolÁ (L culture) -1 . The maximum yield of H2 was 1.3 molÁ(mol glucose equivalent) -1 at a carbon recovery of 94%. The specific production rates of H2, CO2, and ethanol were 0.45, 0.13, and 0.003 molÁh -1 Á(g dry cell mass) -1 , respectively. BLAST analyses of 16S rDNA and chaperonin 60 (cpn60) sequences from Clostridium sp. strain URNW revealed a 98% nucleotide sequence identity with the 16S rDNA and cpn60 sequences from Clostridium intestinale ATCC 49213. Phylogenetic analyses placed Clostridium sp. strain URNW within the butyrate-synthesizing clostridia.
Introduction
Global climate change associated with greenhouse gas emissions from fossil fuel combustion has created a sense of urgency to develop renewable fuels with lower carbon emissions. Limited petroleum refining capabilities and increased demand for fossil fuels in the developing nations have contributed to significant increases in costs for both energy and chemical feedstocks. Renewable sources of energy and chemicals may be derived from biomass (plants, animals, microbes, and their waste products) through biorefining processes (Levin et al. 2007 ). In most countries, biomass contributes 50%-90% of the total energy demand. However, on average, biomass contributes <10% of the total energy demand in industrialized countries and 20%-30% of the total energy demand in developing countries Hoogwijk et al. 2003) . If biomass is to become a viable alternative source of renewable energy, new, more efficient biorefining technologies will have to be developed (Mabee et al. 2005) . Hence, bioprospecting for novel bacte-ria is important for the development of biorefinaries, which can convert biomass to useful products such as biofuels (for example hydrogen or ethanol) and other soluble endproducts (Levin et al. 2007) .
In this paper, we present the identification and characterization of a mesophilic bacterium of the genus Clostridium sp. strain URNW isolated from a contaminated cellobiose stock solution used during the experimental analysis of the cellulolytic bacterium Clostridium termitidis (Ramachandran et al. 2008) . Nucleotide sequences of 16S rDNA and chaperonin 60 (cpn60) sequences from the new Clostridium species were similar, but not identical, to Clostridium intestinale (98% nucleotide sequence identity for both 16S rDNA and cpn60 sequences). This bacterium is an obligate anaerobe with the ability to grow at temperatures ranging from 25 8C to a maximum of 45 8C, and to ferment cellobiose, glucose, sucrose, mannose, mannitol, and sorbitol. Batch experiments were performed to characterize cell growth and end-product synthesis patterns. Using cellobiose as sole carbon source, the new Clostridium species synthesized ethanol and organic acids, with the concomitant release of hydrogen and carbon dioxide.
Materials and methods

Microbial source and media
Clostridium sp. strain URNW was isolated from a contaminated cellobiose stock bottle. Chemicals and reagents for media and substrates were obtained from Fisher Scientific, with the exception of Bacto yeast extract, which was obtained form Becton, Dickinson and Company. To obtain fresh culture before the experiment, Clostridium sp. strain URNW was serially subcultured by transferring 10% (v/v) of inoculum into 1191 medium (Ramachandran et al. 2008) containing 2 g cellobioseÁL -1 . The composition of the medium included (per litre of milliQ water) KH 2 PO 4 , 1.5 g; Na 2 HPO 4 , 3.35 g; NH 4 Cl, 0.5 g; MgCl 2 Á6H 2 O, 0.18 g; yeast extract (Becton Dickinson No. 212750) , 2.0 g; resazurin (0.25 mgÁmL -1 ), 2.0 mL; 10Â vitamin solution, 0.50 mL; 10Â mineral solution, 1.0 mL. Disodium sulfide (Na 2 S) at a concentration of 200 mmolÁL -1 was used as a reducing agent. The final pH of the medium was adjusted to 7.4. Growth of Clostridium sp. strain URNW was evaluated on a range of other carbon sources, including glucose, sucrose, mannose, mannitol, sorbitol, arabinose, rhamnose, rafinose, melibiose, and xylose (at 2 gÁL -1 each in 1191 medium).
Experimental procedures
Balch tubes (Bellco Glass Co.) with a working volume of 27 mL were used for culturing the organism for the entire experiment. The tubes containing 9 mL of fresh 1191 medium were made anaerobic as previously described (Daniels et al. 1986 ). Sterile, anaerobic cellobiose was added to a final concentration of 2 gÁL -1 . The Balch tubes were inoculated (10% v/v) with fresh, log phase cultures that had been serially subcultured twice prior to the initiation of the experiments. Balch tubes inoculated with Clostridium sp. strain URNW were incubated for 10 h at 37 8C with cellobiose. During the log phase, samples were taken every 1 h, based on an expected cell doubling rate of approximately less than 1 h on cellobiose. Three independent replicate samples were taken at each time point. Anaerobic plating was done inside an anaerobic glove bag containing sterile Petri dishes containing 1191 agar containing 2 g cellobioseÁL -1 . After streaking, the plates were incubated overnight at 37 8C in an incubator inside the glove bag.
Cell growth and pH measurements
Cell growth rates were determined by monitoring changes in optical densities at 600 nm (OD 600 ) using spectrophotometrical analysis (Biochrom, Novaspec II). The tubes were vortexed briefly and the values were measured within 3 s, while cells remained in suspension. A control tube that contained only 1191 medium with same concentration of reducing agent and cellobiose was used as a blank to zero the spectrophotometer before each sample measurement. Aliquots of cultures were dispensed into 1.5 mL microcentrifuge tubes (Fisher Scientific) and centrifuged (IEC Micro-MB, International Equipment Company) at 10 000g for 10 min to separate the pellets from the supernatants. Protein concentrations of the pellets were determined using the Bradford assay (Ramachandran et al. 2008) at an OD 595 in 96-well plates using a PowerWave XS plate reader (BioTek Instruments Inc., Winooski, Vermont, USA). Samples were measured until results stabilized and were then recorded. The pH of each tube was measured using a Sension2 pH ISE meter (Hach) equipped with a ThermoOrion triode probe.
End-product analysis
Analysis of the soluble end-products was performed based on the protocols described in Ramachandran et al. (2008) using a high-performance liquid chromatograph (Dionex ICE 3000) equipped with an anion-exchange IonPac-AS11 analytical column (4 mm Â 250 mm) and conductivity detector to measure acetate, lactate, pyruvate, butyrate, and formate production (Dionex Corporation, Sunnyvale, California, USA). The concentrations of ethanol in the supernatants were measured using the UV-Test kit (R-Biopharm AG, Darmstadt, Germany).
Gas measurements
The concentrations of hydrogen (H 2 ) and carbon dioxide (CO 2 ) were measured using a gas chromatograph (Model 8610C; SRI Instruments, Las Vegas, Nevada, USA) capable of detecting concentrations between 200 and 500 ppm and equipped with a Thermal Conductivity Detector as described in Ramachandran et al. (2008) . Bicarbonate fraction was determined based on CO 2 analysis (Darrett 1995) along with aqueous and gas phases of both H 2 and CO 2 (Sander 1999) .
PCR amplification, sequencing, and phylogenetic analysis
Phylogenetic characterization of the newly identified bacterium was conducted using nucleotide sequence data from polymerase chain reaction (PCR) products generated by universal primers to the 16S ribosomal RNA (16S rDNA) and cpn60 genes (Dumonceaux et al. 2006) . The 60 kDa chaperonin protein encoded by the cpn60 gene has been shown to be a useful marker for strain identification and molecular phylogenetics (Jian et al. 2001) . Further, cpn60 universal target sequences can be used to differentiate even closely related isolates of the same bacterial species (Goh et al. 1997 (Goh et al. , 2000 . The universal primers used for 16S rDNA PCR amplification were 16S UNI F 5'-TAAACACATGCAAGT-3' and 16S E1541 R 5'-AAGGAGGTGATCGCC-3'. PCR amplification of cpn60 universal target sequence (cpn60 UT) was conducted using universal, degenerate primers with M13 sequencing primer landing sites H729 5'-CGCCAG-GGTTTTCCCAGTCACGACGAIIIIGCIGGIGAYGGIACIA-CIAC-3' and H730 5'-AGCGGATAACAATTTCACACA-GGAYKIYKITCICCRAAICCIGGIGCYTT-3'. The PCR reactions were performed using reagents obtained from Invitrogen. Reactions were subjected to an initial denaturation at 94 8C for 5 min; followed by 35 cycles each of denaturation at 94 8C for 45 s, annealing at 55 8C for 45 s, and extension at 72 8C for 45 s; with a final extension at 72 8C for 12 min. The PCR reactions were then held at 4 8C until retrieved from the thermocycler. The PCR fragments were gel purified using QIAGEN-QIAquick gel extraction kit and sent for sequencing to MacrogenUSA (Rockville, Maryland, USA) sequencing centre.
Bioinformatic analyses were performed using the BLASTN tool available from the NCBI Web site (www. ncbi.nlm.nih.gov/). BLASTn analysis for cpn60 sequences was performed using the chaperonin database cpnDB (http://cpndb.cbr.nrc.ca/) (Hill et al. 2004 ). BioEdit 7.0.5 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) was used for multiple sequence alignments to determine the conserved regions in the 16S rRNA and cpn60 genes between various organisms compared with respect to the newly identified bacterium. MEGA4 (Tamura et al. 2007 ) and tree view (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html) programs were used to determine the phylogenetic trees. A bootstrap consensus tree was created both for 16S rRNA and cpn60 sequences using the Neighbour-joining algorithm provided in MEGA4 and further compared with other bootstrap tests such as minimum evolution and maximum parsimony (Saitou and Nei 1987; Tamura et al. 2004 ).
Results
Growth characteristics
Clostridium sp. strain URNW was isolated from a contaminated cellobiose stock culture using the streak plate technique on 1191 medium containing 2 g cellobiose agarÁL -1 under anaerobic conditions. After overnight incubation at 37 8C, 3 distinct colony morphotypes were obtained. All 3 were selected and inoculated into Balch tubes with 1191 medium containing 2 g cellobioseÁL -1 and were tested for H 2 production. One culture found to produce H 2 was derived from pale white colonies of 0.5-1.0 mm in diameter. This culture was selected and subcultured for further characterization in 1191 medium containing 2 g cellobioseÁL -1 .
The optimum growth temperature was 37 8C, but Clostridium sp. strain URNW exhibited growth at a range of temperatures from 22 to 45 8C. Clostridium sp. strain URNW exhibited a similar growth pattern in oxidized 1191 medium containing 2 g cellobioseÁL -1 , indicating aerotolerance. The growth kinetics measured at OD 600 and the total protein concentrations are shown in Fig. 1A . The maximum cell density attained at 37 8C was an OD 600 of 1.16 during late stationary phase. The cells displayed exponential growth for 4 h, followed by a reduction in growth that may have occurred in response to the observed pH drop below 7.0 after 3 h (Fig. 1B) . Clostridium sp. strain URNW displayed a cell doubling time of 1.5 h during exponential phase of growth, with all R 2 values exceeding 0.99. The increase in cell biomass measured using the Bradford assay followed the growth curve measured by OD 600 (Fig. 1A) , with the protein concentration stabilizing after 8 h as the cells enter stationary phase. Although lactate synthesis was not detected during exponential growth, lactate production was observed at 6 h ( Fig. 2A) . Growth experiments performed on other soluble substrates indicated positive growth on glucose, sucrose, mannose, mannitol, and sorbitol, and no growth on arabinose, rhamnose, rafinose, melibiose, and xylose (Table 1) .
Gas production
Clostridium sp. strain URNW produced H 2 at a high volumetric rate within 3-4 h of growth on cellobiose. The rate of H 2 production declined greatly after 4 h, as the pH of the culture dropped below 6.8. Although reduced rates of H 2 Fig. 1 . Characterization of growth, gas production, and corresponding changes in pH of Clostridium sp. strain URNW. (A) Optical density (OD) and protein concentrations of Clostridium sp. strain URNW cultured in 1191 medium containing 2 g cellobioseÁL -1 . (B) H2 and CO2 production and corresponding changes in pH. Data points represent the means of 3 independent replicates; bars above and below the means represent SD.
production coincided with a marked drop in pH after 4 h, the total volumetric H 2 production increased during exponential phase until the stationary phase of growth. The volumetric H 2 production rate on cellobiose during exponential phase (the first 3 h) was 3.6 mmolÁh -1 Á(L culture) -1 , and the specific production rate was 0.45 molÁh -1 Á(g dry cell mass) -1 . Volumetric production rates for H 2 and CO 2 were calculated based on the sum of the average individual rates obtained from 3 consecutive time points during 1-3 h of growth.
During the exponential phase, the volumetric rate of CO 2 produced on cellobiose was 0.7 mmolÁh -1 Á(L culture) -1 ; whereas, the maximum specific production rate was 0.13 molÁh -1 Á(g dry cell mass) -1 . Similar to the H 2 production pattern, the rate of CO 2 production was high within 3-4 h of growth, followed by a reduction as the pH dropped below 6.8. After 5 h, during the late exponential phase, the volumetric rate of CO 2 production increased as the pH dropped to 6.2 and gradually stabilized. This shift was not observed with the H 2 synthesis pattern during the late exponential phase. Continued low volumetric production of H 2 and CO 2 was observed even after the cells entered stationary phase. The synthesis patterns of H 2 and CO 2 corresponded to cell growth and other soluble end-products synthesized.
The maximum volumetric production of H 2 and CO 2 were obtained from the maximum value of the mean of concentrations of each triplicates analyzed at every single time point. The final concentrations of total H 2 and CO 2 produced on cellobiose were 14.2 and 6.3 mmolÁ(L culture) -1 , respectively ( Table 2) . The ratio of H 2 to CO 2 in the gas phase was calculated as 3:1. Lower yields of H 2 were observed on other soluble substrates, such as mannitol, mannose, and sorbitol, than on cellobiose, glucose, and sucrose (Table 1) .
Production of soluble end-products
The end-product synthesis patterns of Clostridium sp. strain URNW cultured on cellobiose are shown in Figs. 2A and 2B. Butyrate, formate, acetate, lactate, and pyruvate were the major soluble end-products synthesized by Clostridium sp. strain URNW during fermentation of cellobiose. During early exponential phase, butyrate and formate concentrations were higher than acetate, with no pyruvate or lactate production. Pyruvate production was observed after 3 h, but the volumetric production of pyruvate was much Based on time points at 6, 7, and 8 h. c Based on time points at 3, 4, and 5 h. lower than that of other organic acids produced. Lactate was observed at 6 h, during the late exponential and early stationary phases. During the exponential phase of growth on cellobiose, the volumetric rates of butyrate, acetate, and formate production were higher than that of pyruvate and lactate, and plateaued after 7-8 h during the early stationary phase.
After 3 h, during early log phase, the rapid drop in pH below 7.0 coincided with the higher rate of butyrate production. There was a shift in the metabolism with respect to formate production at a higher rate after 4 h, further dropping the pH below 6.4. Lactate production was observed at 6 h with the corresponding shift in the metabolism from acetate and pyruvate production, and the pH dropped further to 6.2. The concentrations of the end-products plateaued once the cells reached stationary phase after 8-10 h. The significant increase in the volumetric production of lactate during the late exponential phase coincided with reduced production of acetate, butyrate, formate, pyruvate, and ethanol. The pH at this point was below 6.2. After 8-10 h, during late stationary phase, lactate production declined along with other organic acids and ethanol. The volumetric ethanol production pattern followed that of growth, with the rates higher during mid-to late exponential phase, 6-7 h, and declining once the cells entered stationary phase (Fig. 2B) .
Clostridium sp. strain URNW final concentrations of butyrate, acetate, formate, lactate, pyruvate, and ethanol from cellobiose were 4.2, 3.3, 7.7, 5.7, 2.4, and 0.4 mmolÁ(L culture) -1 , respectively. Final end-product concentrations and volumetric rates are shown in Table 2 and the specific production rates of different end-products are shown in Table 3 . The volumetric and specific rates of ethanol production were calculated as 0.04 mmolÁh -1 Á(L culture) -1 and 0.003 molÁh -1 Á(g dry cell mass) -1 (Tables 2 and 3 ).
The final concentrations of the end-products obtained, cell biomass, and substrate utilization were used for calculating the carbon balance during the anaerobic fermentation of cellobiose. The total carbon recovery was estimated as 94%, as the residual amount of substrate during the end of exponential phase was minimum. Based on the number of endproducts formed during the exponential phase, the oxidation/ reduction ratio for cellobiose fermentation was calculated as 0.97. The oxidation/reduction ratio was calculated based on the ratio of oxidized (formate and CO 2 ) versus reduced (H 2 Fig. 3 . Phylogenetic analysis of Clostridium sp. strain URNW based on the 16S rDNA sequences. 16S rDNA consensus tree indicating the relatedness of Clostridium sp. strain URNW with Clostridium intestinale and other mesophilic organisms. The phylogenetic tree was obtained using the Neighbour-joining method (Saitou and Nei 1987) provided in MEGA4 (Tamura et al. 2007 ). The evolutionary history of the taxa analyzed was represented using 500 replicates obtained from the bootstrap consensus tree (Saitou and Nei 1987) . The bootstrap values indicated next to the branches were calculated based on the percentage of the replicate trees containing the associated taxa clustered together in the bootstrap test. The Maximum Composite Likelihood method was used to calculate the evolutionary distances (Tamura et al. 2004) . Complete deletion option was used to remove the gaps and missing data. The underlined organisms represent bacteria that produce both butyrate and hydrogen. and ethanol) products from the cellobiose fermentation reaction (Rydzak et al. 2009 ).
Phylogenetic analyses
The phylogenetic analyses of Clostridium sp. strain URNW were conducted using nucleotide sequence data derived from the 16S rDNA and cpn60 genes (Dumonceaux et al. 2006 ). The amplicon size for the 16S rDNA PCR product was 1404 bp; whereas, the amplicon size of cpn60 PCR product was 552 bp (Dumonceaux et al. 2006) . BLASTN analyses of the 16S rDNA sequence (Clostridium sp. strain URNW 16S rDNA sequence accession No. HM801879) showed 98% identity with C. intestinale 16S ribosomal RNA gene (accession No. AY781385), and 98% with the 16S rDNA sequence of an uncultured bacterium clone 1 (accession No. DQ011236), C. intestinale RC (accession No. AM 158323), and Clostridium sp. strain BG-C66 (accession No. FJ384378). The sequence data obtained based on cpn60 gene was subjected to further analysis using the tools provided by the cpnDB database (Hill et al. 2004) . BLASTN analysis of the cpn60 universal target sequence (Clostridium sp. strain URNW cpn60 sequence accession No. HM801880) against Group I chaperonins available in the cpnDB database and NCBI showed 98% identity with the C. intestinale ATCC 49213 cpn60 sequence (accession No. AY691231), 82% identity with uncultured bacterial clone c01_a02 (accession No. AY562697), and C. perfringens AGTP01-0148 (accession No. HM625477) cpn60 sequences.
The 16S rDNA and cpn60 phylogenetic trees obtained using Minimum Evolution and Neighbour-joining tests had similar branching clusters and bootstrap values, since Clostridium sp. strain URNW clustered with butyrate-producing hydrogen producers, such as C. intestinale, Clostridium acetobutylicum, C. perfringens, Clostridium butyricum, and Clostridium beijirinckii (Figs. 3 and 4) . The cpn60 phylogenetic tree obtained using Neighbour-joining, Minimum Evo- Fig. 4 . Phylogenetic analysis of Clostridium sp. strain URNW based on cpn60 sequences. cpn60 consensus tree showing the same information as that of the 16S rDNA tree. The phylogenetic tree was obtained using Neighbour-joining method (Saitou and Nei 1987) provided in MEGA4 (Tamura et al. 2007 ). The evolutionary history of the taxa analyzed was represented using 500 replicates obtained from the bootstrap consensus tree (Saitou and Nei 1987) . The bootstrap values indicated next to the branches were calculated based on the percentage of the replicate trees containing the associated taxa clustered together in the bootstrap test. Maximum Composite Likelihood method was used to calculate the evolutionary distances (Tamura et al. 2004) . Complete deletion option was used to remove the gaps and missing data. The underlined organisms represent bacteria that produce both butyrate and hydrogen. Based on time points at 6, 7, and 8 h. c Based on time points at 3, 4, and 5 h. lution, and Maximum Parsimony bootstrap tests indicated similar branching patterns and bootstrap values, and Clostridium sp. strain URNW grouped with the taxa consisting of mesophilic, anaerobic, butyrate-producing bacteria and shared the same node as that of other mesophilic, anaerobic bacteria capable of producing H 2 (Fig. 4) .
Discussion
The newly identified Clostridium sp. strain URNW is a mesophilic bacterium that has the ability to synthesize H 2 at a rate that is comparable with those of the mesophilic, saccharophilic, butyrate-producing bacteria C. acetobutylicum (Peguin and Soucaille 1995; Zhang et al. 2006 ) and C. butyricum (Chen et al. 2005) ; the mesophilic, acetateproducing bacteria C. termitidis (Ramachandran et al. 2008) and Clostridium cellulolyticum (Desvaux et al. 2000) ; and the aerotolerant, butyrate-producing bacterium C. intestinale (Gössner et al. 2006) . Unlike the acetate-producing bacteria C. termitidis and C. cellulolyticum, which have doubling times of 6.9 h (Ramachandran et al. 2008 ) and 7 h (Giallo et al. 1983 ) on cellobiose, respectively, Clostridium sp. strain URNW displayed a doubling time of 1.5 h. Clostridium sp. strain URNW also produced butyrate during cellobiose fermentation; whereas, no butyrate synthesis was observed in either C. termitidis or C. cellulolyticum. The other soluble end-products were the same as those reported for C. termitidis and C. cellulolyticum except that C. cellulolyticum has not been reported to produce formate.
When cultured on 2 g cellobioseÁL -1 , Clostridium sp. strain URNW produced pyruvate after 3-4 h during midexponential phase, followed by lactate synthesis as the pH dropped below 6.4. Clostridium cellulolyticum was also observed to produce extracellular pyruvate (Guedon et al. 1999; Desvaux et al. 2000) under conditions of carbon excess. Clostridium cellulolyticum produced ethanol, acetate, and extracellular pyruvate during early to mid-exponential phase, followed by lactate (Desvaux et al. 2000) . The production of different end-products by Clostridium sp. strain URNW was also significantly affected by the corresponding changes in pH in the medium. After 2-3 h of growth, a significant drop in pH from 7.15 to 6.8 was observed, which corresponded to higher butyrate, formate, and acetate production.
BLAST analysis of the 16S rDNA and cpn60 sequences derived from Clostridium sp. strain URNW indicated 98% sequence identity with C. intestinale. The type strain of C. intestinale ATCC 49213 was isolated from cattle faeces, but no metabolic end-product data are available (Lee et al. 1989 ). An aerotolerant, rhizospheric strain of C. intestinale RC AM158323 was shown to synthesize butyrate and H 2 under anoxic conditions, and the production of butyrate was enhanced by the presence of other H 2 -utilizing bacteria, such as Sporomusa rhizae, in cocultures (Gössner et al. 2006 ). The major end-products of C. intestinale RC AM158323 on cellobiose and glucose were acetate, butyrate, lactate, formate, and H 2 , but ethanol production was absent (Gössner et al. 2006) . Clostridium sp. strain URNW produced higher concentrations of H 2 , butyrate, formate, lactate, ethanol, and pyruvate, and showed different growth and end-product synthesis patterns on cellobiose when compared with C. intestinale RC AM158323.
Based on the 16S rDNA and cpn60 phylogenetic tree, Clostridium sp. strain URNW was grouped with other cellulolytic and noncellulolytic mesophiles, but especially with those that synthesize butyrate. Clostridium sp. strain URNW exhibited a faster doubling time (1.5 h) and produced H 2 at a faster rate during the log phase on cellobiose, which suggests that it is different from other mesophilic H 2 -producing clostridia. Clostridium sp. strain URNW produced H 2 at a higher specific rate of 450 mmolÁh -1 Á(g dry cell mass) -1 and a yield of 1.3 mol H 2 Á(mol glucose) -1 on cellobiose during the log phase when compared with 4.28 and 1.29 mmolÁh -1 Á(g dry cell mass) -1 produced by C. termitidis (Ramachandran et al. 2008) and C. cellulolyticum (Desvaux et al. 2000) , respectively.
The butyrate-producing, aerotolerant, mesophilic C. intestinale AM158323 strain produced H 2 at 16.6 and 10.9 mmolÁL -1 from an initial substrate concentration of 5 mmolÁL -1 cellobiose and glucose, respectively (Gössner et al. 2006) . During the batch fermentation of C. butyricum CGS5 on 17.8 g sucroseÁL -1 at pH 6.0, H 2 evolution was observed only after mid-exponential phase (14-16 h), with a maximum H 2 production rate (219 mLÁh -1 ÁL -1 ) obtained during stationary phase (Chen et al. 2005) . Clostridium sp. strain URNW preferred H 2 synthesis via acetate and butyrate pathways, with higher volumetric rates achieved rapidly during early to mid-exponential phase ( Table 2 ). The mesophilic butanol-producing H 2 producer, C. acetobutylicum ATCC 824 showed a slower doubling time than Clostridium sp. strain URNW on glucose medium, with the cells reaching stationary phase after 25-30 h, and growth arrested because of substrate depletion (Peguin and Soucaille 1995) . When grown in 1 g glucoseÁL -1 in an unsaturated flow reactor, C. acetobutylicum ATCC 824 produced higher concentrations of H 2 (74%) along with the major end-products acetate and butyrate (Zhang et al. 2006) , suggesting the potential for using Clostridium sp. strain URNW for continuous H 2 production.
In this paper, a newly identified Clostridium sp. strain URNW has been characterized for its ability to produce H 2 , CO 2 , ethanol, and other soluble end-products, such as acetate, butyrate, formate, lactate, and pyruvate. When cultured on 2 g cellobioseÁL -1 , a H 2 yield of 1.3 molÁ(mol glucose equivalent) -1 was obtained. A faster doubling time (1.5 h), a higher rate of H 2 production (3.6 mmolÁh -1 Á(L culture) -1 ) within 3-4 h of growth, and 16S rDNA and cpn60 sequence analyses demonstrated that Clostridium sp. strain URNW is different from other butyrate-and H 2 -producing clostridia, such as C. acetobutylicum, C. butyricum, and C. intestinale.
